Abstract A coarse pore filter can be applied inside the aeration tank instead of sedimentation tank for liquid separation from the sludge. It has pores, which are irregular in shape, and much bigger than micro-filtration membrane pores in size. The objective of the study was to investigate the effect of important operational parameters such as flux, aeration intensity, and solid retention time (SRT) on the performance of the coarse pore filtration activated sludge process. The effect of these parameters was studied in laboratory scale experiments. It was found that the flux had a significant role in the effluent quality of this system. The effluent SS and turbidity were not changed significantly at different aeration intensities. Three SRTs, 10, 30 and longer days (without excess sludge) were used for three reactors to check the effect of this parameter on the system performance. The results of the reactors with SRTs about 10 and 30 days have shown very good effluent quality without any filter clogging for more than 4 months operation. For the reactor with long SRT, the filter clogging was observed after about 80 days of operation, which caused the increase of the operation pressure and deterioration in the effluent quality for a few days.
Introduction
Urban wastewater is usually treated by the conventional activated sludge process, which involves natural biodegradation of pollutants by microorganisms (i.e. activated sludge) in aerated bioreactors. Serious problems in the conventional activated sludge process are the instability of solid-liquid separation, low biomass concentration in the aeration tank, high excess sludge production and high space requirement (Zhang, 1997) . Many researchers are trying to develop the activated sludge process to prevail over these problems.
Hybrid systems such as membrane and coarse pore filtration processes can be considered as suitable alternatives for the conventional activated sludge process. In these processes, the settling tank is replaced by membrane or coarse pore filter modules. Some of the advantages of the membrane bioreactor (MBR) are the higher biomass concentration up to 30 g/L (Yamamoto et al., 1989) , retention of all suspended solids and microorganisms, excellent effluent quality and compactness (Cicek, et al., 1999) . In addition, this process can produce purified water, which can be recycled (Defrance et al., 2000) . Limitations inherent to the MBR process include high cost of membranes, loss of filtration capacity due to fouling and high-energy consumption (Trouve et al., 1994) .
Recently some types of coarser pore filters were applied instead of the membrane by some researchers. Tokyo metropolitan government has already applied coarse pore filter modules in a pilot-scale wastewater treatment plant . Kiso et al. (2000) examined the use of meshes as a coarser filter material for sludge separation. Although by applying these filters, the same effluent quality as the membrane process cannot be achieved, however, the effluent quality is usually within the acceptable ranges in this system. The main advantages of applying the coarse pore filter in comparison to MBR are higher filter flux, less energy consumption and less initial and operating costs. For the coarse pore filter, only 20-30 cm water head is enough for the effluent withdrawal in practice.
Applying these types of coarse pore filters can be an innovative, simplified and low cost technology for wastewater treatment especially for developing countries. More research is required for developing the coarse pore filtration activated process. In this research, a nonwoven and coarse pore filter module was applied inside the aeration tank of the activated sludge process in a laboratory scale experiment. The main objective of this study was to investigate the effect of important operational parameters such as flux, aeration intensity, and solid retention time (SRT) on the system performance.
Materials and methods

Experimental design
Three reactors were used in the present study. The effective volume of each reactor was 10.5 litre. A coarse pore filter module was inserted in each reactor to separate liquid from sludge in a laboratory scale experiment. The non-woven and coarse pore filter is made from polyesters and the range of pore sizes is between 50-200 µm. The weight of the filter per unit area is about 15 g/m 2 . The pore shape of the non-woven filter is irregular. To increase the strength of the filter, it must be inserted between two layers of plastic mesh (Figure 1 ). In this experiment, speed-controlled roller pumps were used for the effluent withdrawal from the filter modules. The reactors' operation was started with the recycled sludge of a wastewater treatment plant in Tokyo. A schematic diagram of the experimental set-up is shown in Figure 2 .
An air diffuser was used to provide air for biological activity of microorganisms and to mix the sludge in the aeration tank. All of the reactors were operated in a constanttemperature room at 20°C. Total amount of influent total organic carbon (TOC) for the reactors was adjusted to about 100 mg/L. The artificial substrate was made from carbon, nitrogen, phosphorus sources, and trace elements. Peptone, yeast extract and sodium acetate were selected as carbon sources. The main substrate was sterilized for 20 minutes at 121°C, diluted 50 times with tap water and distributed to the reactors as influent. The composition of concentrated substrate before dilution with tap water is shown in Table 1 .
Operational conditions of the reactors
In this research, the effect of some important operational parameters on the performance of the coarse pore filtration activated sludge process was investigated. Important parameters, which can have some effect on the process performance, are: This study was conducted in two phases.
Phase 1 In this phase, the effect of flux and aeration intensity on effluent quality was investigated in short-term experiments. To check the relation between flux and the effluent quality, different fluxes (1 to 5 m/d) were applied for two different MLSS concentrations. The operation of a reactor was started with the municipal sludge. For starting the reactor's operation, HRT and flux were selected of about 8.5 hours and 1 m/d, respectively. The effluent SS and turbidity were measured at different fluxes on the 3rd days of the reactor's operation. MLSS concentration of this reactor on that day was about 5,000 mg/L. The sludge was diluted to MLSS concentration about 3,500 mg/L and again the effluent SS and turbidity were measured under different fluxes on the 6th day of reactor's operation. Also different aeration intensities (2, 5 and 10 L/min) were used for a reactor to study the effect of the aeration intensity on the effluent quality. In this reactor the amount of flux and MLSS concentration were 1 m/day and 3,800 mg/L, respectively.
Phase 2 In the second phase of the research, the behaviour of the system under different SRTs, 10, 30 and 75 days (without wasting the sludge except for sampling, which is mentioned as the reactor with long SRT hereafter) was investigated in a long-term experiment (more than 4 months). The main objective of the study in this phase was to check the effect of SRT on the system performance. During this phase, the flux and aeration intensity were kept at about 1 m/d and 2 L/min, respectively. Also HRT of the reactors was about 8.5 hours.
In this phase, the operation was done continuously without the full air filter cleaning, water backwash and effluent recycling for all of the reactors. Sometimes filter modules were washed manually. In the full-scale plants, backwash and air cleaning of filter are performed to prevent filter clogging. In addition, recycling of effluent to the aeration tank is performed for a short period of time (for example 3 minutes) immediately after filter backwash. This is needed to prevent the high SS effluent from leaving the reactor. In the present study, because of some operational limitations, water backwash was not applied for the filter modules during the operation period. During the reactors' operation at different SRTs, mixed liquor suspended solid (MLSS), mixed liquor volatile suspended solid (MLVSS), sludge volume index (SVI) and presence of filamentous bacteria were checked frequently. The performance of the system was monitored by analyzing influent, effluent, and sludge samples for selected parameters as follows. TOC and dissolved organic carbon (DOC) were measured by total organic carbon analyzer (TOC 500, Shimadzu Company). For measuring the effluent TOC, samples were treated with high-frequency sound waves (about 40W Sonication) for about 2 minutes before measurement. The effluent SS was measured by using a glass fiber filter with 1 µm pore size. MLSS, MLVSS, and SVI were measured according to Standard Methods (20th edition, 1998). A Hach turbidity meter was used for the effluent turbidity measurement. General morphology of the microorganisms present in the reactor's biomass in phase 2 was monitored microscopically. Head losses of the filter modules were monitored with vacuum gauges, which were connected to the effluent pipes.
Results and discussion
Phase 1: Effect of flux and aeration intensity on the effluent quality Flux is one of the important parameters that have significant influence on the performance of the coarse pore filtration activated sludge process. To study the effect of flux on the effluent quality, different fluxes were applied for two different MLSS concentrations and some of the important effluent parameters including SS and turbidity were measured. The variation of the effluent SS at different fluxes for two different MLSS concentrations is presented in Figure 3 . At the higher MLSS concentration (about 5,000 mg/L) the effluent quality was in the acceptable range at a flux of 1 m/d, while in the lower MLSS (about 3,500 mg/L) the effluent quality was found within the acceptable range, up to a flux of 3 m/d. By applying a higher amount of flux, the aeration reactor's sludge penetrated inside the filter module, which caused deterioration in the effluent quality especially in the reactor with MLSS concentration of 5,000 mg/L. The main reason for the poor effluent quality at higher fluxes was the increase of negative head pressure inside the filter module, which caused the suction of sludge through the big pores of the filter into the module. The accumulated sludge in the filter module could easily come out through the effluent stream. This phenomenon caused high SS concentration in the effluent. For instance, for the reactor with MLSS concentration of 5,000 mg/L, the effluent SS reached up to 3,400 mg/L at highest flux (5 m/d).
Different aeration intensities were applied to check the effect of aeration intensity on the effluent quality. By increasing the aeration intensity, the cross-flow velocity of liquid near the filter surface will increase. In this experiment, the amount of flux and MLSS concentration were 1 m/day and 3,800 mg/L, respectively. Variation of the effluent quality at different aeration intensities are presented in Figure 4 . As is shown in this Figure, the effluent SS and turbidity were not changed significantly at different aeration intensities. At all of the aeration intensities, the effluent SS and turbidity were less than 3 mg/L and 1 NTU, respectively. These data show that the aeration intensity is not a main operational parameter for this process. Kiso et al. (2000) reported that a more intensive aeration condition leads to higher effluent turbidity in the mesh filtration, which is more or less similar to the coarse pore and non-woven filtration. They mentioned that higher aeration intensity may affect the formation of the sludge layer adversely. The reason for this contradictory observation is not clear. The biomass layer on the surface of the coarse pore filter was very thin during good operational conditions. It appears that the thin biomass layer, which was formed on the filter surface (and also between the two base layers of the filter) could not be affected by shear stress caused by the increase of the aeration intensity.
Phase 2: Effect of different SRT on the system performance In this phase, three different SRTs, 10, 30 and long days (without wasting the sludge except for sampling) were applied for three reactors to investigate the effect of SRT on the system performance in a long-term experiment. In this phase, flux and aeration intensity for all of the reactors were kept about 1 m/d and 2 L/min, respectively. The important operational data and results of this phase are summarized in Table 2 .
The reactors with SRTs about 10 and 30 days have shown very good effluent quality in terms of TOC, DOC, SS and turbidity during all of the operation period. As is reported in Table 2 , the average TOC removal for these two reactors was more than 92 per cent. On the other hand, the lowest removal efficiency (based on TOC) belonged to the reactor with long SRT. In this reactor, filter clogging was observed after about 80 days of operation, which caused poor effluent quality for a few days of operation. In this condition, because of occasional increase of the head loss, a lot of sludge could go out through the system. High SS caused decrease of average TOC removal in this reactor.
Effluent SS and turbidity are the main factors for determining the performance of the coarse pore filtration activated sludge process, because of the non-woven filter characteristics. The variations of the effluent SS and turbidity of these reactors are shown in Figure 5 . As is shown in this Figure, the best effluent quality in terms of SS and turbidity was observed in the reactor with minimum SRT. The average effluent SS and turbidity in this reactor for the last two months of operation were 1.7 mg/L and 0.9 NTU, respectively. The effluent quality of the reactor with SRT about 30 days was also acceptable (Figure 5b ). In this reactor, the average effluent SS and turbidity for the last two months of operation were 2.9 mg/L and 1.4 NTU, respectively. On the other hand, the effluent quality of the reactor with long SRT in terms of SS and turbidity was very unstable during a few days of operation. The main reason for poor effluent quality of this reactor was the high amount of SS due to increase of the negative pressure inside the filter module. For example, on the 84th day of reactor operation, the effluent SS and turbidity suddenly increased to 336 mg/L and 56 NTU, respectively. The average effluent SS in this reactor for the last two months of operation was 23.5 mg/L, and the average turbidity was found to be 6.67 NTU. The effluent SS of this process can be compared with the conventional activated sludge process. The average effluent SS concentration for some treatment plants in Tokyo, which are using conventional activated sludge and A 2 O processes for municipal wastewater treatment, are reported by Daido and Asou (1998) in the range of 2.3 to 6.3 mg/L. By comparing the effluent SS concentration, which was taken under SRTs of about 10 and 30 days in the coarse pore filtration activated sludge process to that of the conventional activated sludge process, it is clear that this process can produce adequate effluent quality.
The head losses of the filter modules in the reactors with SRTs about 10 and 30 days were low (about 3-6 kPa) during all of the operation days. An increase of head loss in the filter module of the reactor with long SRT mainly started after the 80th day of operation due to the filter clogging. After a few days, suddenly the effluent quality became poor, probably because of the increase of the head loss inside the filter module. For the prevention of exiting sludge from this reactor, the filter was washed manually and replaced inside the reactor. Variation of the head loss and the effluent SS with time after inserting the washed filter in the reactor with long SRT (reactor 3) is shown in Figure 6 .
As is shown in Figure 6 , after about one-week of inserting the washed filter inside the aeration tank, head loss of the filter module reached its critical value (in this particular case about 40 kPa) and the effluent SS concentration suddenly reached 236 mg/L. In this condition, the reactor's sludge was found to be sticky, which caused formation of a thick biomass layer on the filter surface (Figure 7a) , whereas in the other reactors, a very thin biomass layer on the filter surface was observed (Figure 7b) .
From these results, it is clear that the negative pressure of the filter module can have a significant role on the performance of the coarse pore filtration activated sludge process. This means as the negative pressure increases, some sludge particles can pass through the filter modules, which causes deterioration in the effluent quality. Usually by the frequent manual washing or air cleaning of the filter, it is possible to enhance the effluent quality in this condition. To prevent this problem in full-scale plants, filter air cleaning and backwash are usually applied (Daido et al., 2000) . Optimization of backwash is very important in practice, in order to avoid such negative pressure. It seems that one of the important factors, which can affect the filter clogging is the sludge characteristics. More research is needed to find out the main reason for filter clogging and its relationship with the sludge characteristics in this process. Information about sludge concentration and characteristics is necessary to understand the actual performance of the biological process. As is reported in Table 2 , the average of MLSS concentrations in the reactors with SRTs about 10 and 30 days were about 1,800 and 3,000 mg/L, respectively. In the reactor with long SRT, even with the unstable effluent quality, a high amount of MLSS concentration was achieved. The highest MLSS concentration in this reactor was more than 7000 mg/L. By using higher biomass concentration, the size of the bioreactor can be reduced, which causes a reduction in initial investment for wastewater treatment plants. Kiso et al. (2000) reported that a nylon mesh filter with 100 µm pore size was able to reject the penetration of SS and retained MLSS up to 8,000 mg/L. According to Daido et al. (2000) , the variation of MLSS in a pilot-scale plant by a applying non-woven filter was between 1,000-2,500 mg/L, while in a small-scale plant using synthetic wastewater the variation was between 4,000-5,000 mg/L.
The sludge settling was poor in all of the reactors. The reactors' sludge could not settle significantly after 30 minutes in a measuring cylinder for the reactors during almost all of the operation days. Microscopic investigation showed the existence of filamentous bacteria in all of the reactors. The poor settleability of sludge had no correlation with occasionally observed high effluent SS.
Conclusions
In this study, the effect of some important operational parameters (flux, aeration intensity and solid retention time) on the performance of the coarse pore filtration activated sludge process was investigated in two phases. The coarse pore filter module was applied inside the aeration tank to facilitate the separation of sludge particles from liquid in laboratory scale experiments. Flux had a significant role in the effluent quality of this process. It seems that at a higher amount of the flux, sludge can easily penetrate inside the filter module, which causes deterioration in the effluent quality. Aeration intensity, which is proportional to the cross-flow velocity near the filter surface, had no significant effect on the effluent SS and turbidity. Effluent quality of the reactors with SRTs about 10 and 30 days was acceptable, and the average effluent SS concentrations in these two reactors were about 1.7 and 2.9 mg/L, respectively. For the filter module of the reactor with long SRT, filter clogging was observed mainly after 80 days of operation. The filter clogging caused poor effluent quality in this reactor due to the increase of the negative pressure inside the filter module. It was observed that as the negative pressure increased, some sludge particles could pass through the filter modules, which caused deterioration in the effluent quality.
